OBJECTIVE: To investigate the effects of ischaemic postconditioning on brain injury and protein oxidization in focal ischaemia/reperfusion. METHODS: Adult male Wistar rats (n = 30) were randomly divided into sham-operated, ischaemia, and ischaemic postconditioning groups. Ischaemia was produced by middle cerebral artery occlusion and ischaemic postconditioning was performed using three cycles of 30-s/30-s reperfusion/ reocclusion after 2 h of ischaemia. Brain infarction size, hydrogen peroxide concentration, superoxide dismutase (SOD), catalase (CAT) and proteasome activities, protein carbonyl derivatives and advanced oxidized protein products (AOPPs) were evaluated. RESULTS: The size of brain infarction after ischaemic postconditioning was significantly smaller compared with the ischaemia group, and was concomitant with significant reduction in protein carbonyl derivatives and AOPPs. The activities of SOD, CAT and proteasomes were elevated by ischaemic postconditioning compared with the ischaemia group.
Introduction
Ischaemic stroke due to acute occlusion of the cerebral artery often leads to death and disability in humans. 1 Currently, revascularization of occluded blood vessels has become the first choice of treatment for patients with acute ischaemic stroke, although cerebral injury induced by reperfusion directly influences the treatment effects of revascularization. 2 Thus, clarifying the mechanism underlying reperfusioninduced cerebral injury is helpful to find a strategy to improve the prognosis of patients treated with revascularization.
Recently, protein damage and protein aggregation have been regarded as the ZY Li, B Liu, J Yu et al. Ischaemic postconditioning and protein oxidization primary pathological bases underlying, not only neurodegenerative disease but also cerebral injury caused by ischaemia/ reperfusion. 3, 4 Even though the mechanism of how cellular proteins are damaged during the course of ischaemia/reperfusion remains unclear, it has been found that oxidized proteins generated during oxidative stress are prone to accumulate and form cytotoxic protein aggregates. 5 Within cells, the proteins can be attacked and oxidized by reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ), and degradation of oxidized proteins occurs mainly via the proteasome pathway. 6 During cerebral ischaemia/reperfusion, the equilibrium between the generation of ROS and its clearance is disrupted, which leads to the overproduction of ROS and oxidized proteins. 7 Meanwhile, ischaemia/reperfusion causes a decrease in the activity of proteasomes, as well as a decrease in the degradation of oxidized proteins. 8 Thus, preventing overproduction of oxidized proteins, or increasing their degradation, could be an effective strategy to protect cerebral tissue from being damaged by ischaemia/reperfusion. Ischaemic postconditioning is defined as a series of rapid intermittent interruptions of blood flow in the early phase of reperfusion that mechanically alters the hydrodynamics of reperfusion. 9 Since it was first documented in 2006 that ischaemic postconditioning could reduce cerebral infarct size induced by ischaemia/reperfusion, 9 other studies have reported similar findings. 10, 11 Further studies have shown that ischaemic postconditioning can inhibit inflammation and apoptosis, 12, 13 and that it can attenuate oxidative stress. 14 Despite the effects of ischaemic postconditioning on the oxidation of macromolecular lipid caused by cerebral ischaemia/reperfusion having been examined, 11 its effects on protein oxidation remain unclear. Studying the alteration of protein oxidation induced by ischaemic postconditioning will help to clarify the function of protein oxidation in ischaemic cerebral injury and the protective mechanism of ischaemic postconditioning. The present study, therefore, investigated the effect of ischaemic postconditioning on protein oxidation under the condition of cerebral ischaemia/reperfusion in a rat model of middle cerebral artery occlusion (MCAO).
Materials and methods

ANIMALS
Adult male Wistar rats (n = 30; weight 280 -300 g; age 7 -8 weeks), supplied by the Experimental Animal Centre, Jilin University, Changchun, China, were housed in a temperature-controlled room (22 -25°C) on a 12-h light/dark cycle with free access to food and water. All animal procedures were approved by the Ethical Committee for Animal Experiments, Jilin University. All possible measures were taken to reduce animal suffering and the numbers of animals used in the study, according to the Guide for the Care and Use of Laboratory Animals. 15 
RANDOMIZATION AND PROTOCOLS
At the start of the study, the rats were assigned randomly into a sham-operated group, an ischaemia group and an ischaemic postconditioning group according to a computer generated randomization schedule (n = 10 per group). The rats in the ischaemia group and ischaemic postconditioning group were subjected to 2 h of focal cerebral ischaemia as described below. Those in the ischaemia group were subjected to 2 h of ischaemia only, without any further interruption of reperfusion. The rats in the ZY Li, B Liu, J Yu et al.
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ischaemic postconditioning group were subjected to three cycles of 30-s/30-s reperfusion/reocclusion after 2 h of ischaemia ( Fig. 1 ). In the sham group, rats were subjected to the same operational procedures but without occlusion of the middle cerebral artery and postconditioning.
SURGICAL PROCEDURE FOR CEREBRAL ISCHAEMIA
Cerebral ischaemia was produced by using the MCAO model in rats as described previously. 16 Following an overnight fast, anaesthesia was induced with 300 mg/kg chloral hydrate administered intraperitoneally (i.p.). A rectal probe was inserted and the mean ± SD core temperature was maintained at 37.0 ± 0.5°C with a heating pad and lamp. A surgical incision was made to expose the right common carotid artery (CCA), internal carotid artery and external carotid artery. The external carotid artery was ligated proximal to the origin of any branches, such as the occipital artery. The proximal CCA was then ligated and temporarily closed proximal to the carotid bifurcation by a microvascular clip. A small incision was made in the CCA. An occlusion filament was inserted into the internal carotid artery through the CCA, 19 -21 mm distal to the bifurcation, to occlude the origin of the middle cerebral artery. The filament was prepared from monofilament fishing line and covered with a distal cylinder of silicone rubber (diameter 0.31 -0.32 mm). After performing the MCAO, the animals were allowed to awaken and resume spontaneous breathing. To allow reperfusion, the filament was withdrawn 2 h after induction of ischaemia. After surgery, the animals were placed into a cage to recover from anaesthesia, at room temperature and allowed food and drink.
MEASUREMENT OF INFARCT SIZE
At 24 h after reperfusion, four rats from each group were chosen randomly by staff blinded to the treatment group. The rats were killed by an overdose of pentobarbital i.p. and had their brains rapidly removed. Infarct sizes were measured by staining with 2,3,5triphenyl-2H-tetrazolium chloride (TTC; Sigma-Aldrich, St Louis, MO, USA). The brains were cut into 2 mm thick coronal sections in a cutting block and stained with 1% TTC solution for 30 min at 37°C followed by overnight immersion in 4% para - formaldehyde. The percentage of brain infarct was measured by normalizing to the entire brain tissue, as described previously. 17
SUBCELLULAR FRACTION
Four rats from each group were chosen randomly by staff blinded to the treatment group for analysis of the subcellular fraction. The rats were euthanized by an overdose of pentobarbital i.p. and then perfused transcardially with 100 ml ice-cold phosphate-buffered saline (PBS; 0.1 M, pH 7.4). The dorsolateral neocortical tissue was homogenized with a Dounce homogenizer (20 strokes) in 10 volumes of ice-cold homogenization buffer comprising 210 mM mannitol, 70 mM sucrose, 5 mM hydroxyethylpiperazine-ethanesulphonic acid and 1 mM ethylenediaminetetra-acetic acid (EDTA), pH 7.4. The nuclei and cell debris were removed by centrifugation at 1000 g for 10 min. The supernatants were then centrifuged at 10 000 g for 10 min and the resulting supernatants (S2) were collected, aliquoted and stored at -80°C for enzyme activity assay. The pellets were resuspended in homogenization buffer without EDTA and centrifuged at 1000 g for 10 min. Mitochondria were obtained after centrifugation of the supernatants at 10 000 g for 10 min. The mitochondrial pellets were resuspended in homogenization buffer without EDTA. All the above procedures were performed at 4°C. Protein concentration was determined by the Quick Start™ Bradford protein assay kit (Bio-Rad, Hercules, CA, USA). The final mitochondrial suspensions were maintained over ice and immediately used for measurement of H 2 O 2 content.
MEASUREMENT OF MITOCHONDRIAL H 2 O 2
Mitochondrial H 2 O 2 content was measured by monitoring the oxidation of p-hydroxyphenyl acetate coupled with enzymatic reduction of H 2 O 2 by horseradish peroxidase. As described previously, 18 
MEASUREMENT OF PROTEASOME AND ANTIOXIDATIVE ENZYMES
To measure proteasome activity and antioxidative enzyme activity, 10 µl (1 µg/µl protein) of each freshly made supernatant (S2) was incubated in a 96-well plate at 37°C for 30 min with 10 µl of 300 µmol/l succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin substrate and 85 µl of assay buffer (20 mmol/l Tris-HCl, pH 7.5, and 20% glycerol, with or without 30 µmol/l lactacystin). Release of fluorescent aminomethylcoumarin was measured using a Wallac Victor3™ spectrofluorometer at 440 nm with an excitation wavelength of 380 nm. The activities of antioxidative enzymes SOD and catalase (CAT) were measured using SOD and CAT assay kits (Cayman Chemical Co., Ann Arbor, MI, USA) according to the manufacturer's instructions.
MEASUREMENT OF PROTEIN CARBONYL DERIVATIVES
Protein carbonyl derivative content was measured spectrophotometrically according ZY Li, B Liu, J Yu et al. Ischaemic postconditioning and protein oxidization to the procedure described by Jolitha et al. 18 Briefly, 800 µl of 10 mM dinitrophenylhydrazine in 2.5 M hydrochloric acid was added to 200 µl tissue homogenate and incubated in the dark for 60 min at room temperature. This was followed by vortex mixing, addition of 20% (w/v) trichloroacetic acid and washing three times with ethanol : ethyl acetate (1 : 1 v/v). Precipitated proteins were then redissolved in 500 µl of 6 M guanidine hydrochloride in 20 mM phosphate buffer (pH 6.5). Insoluble substances were removed by centrifugation at 10 000 g for 10 min and absorbance of the supernatant was read at 370 nm using a Wallac Victor3™ spectrofluorometer. An extinction coefficient of 22 000 M -1 cm -1 was used to determine the protein carbonyl derivative content, which was expressed as µM/mg protein. Protein content of the supernatant fractions was determined by the Bradford assay.
MEASUREMENT OF AOPP
The levels of advanced oxidized protein products (AOPPs) were analysed by using the procedure of Jolitha et al. 18 Accordingly, 200 µl of supernatant was diluted (1 : 3) in 0.1 M PBS and 1.15 M potassium iodide was added. The sample was incubated for 2 min, followed by the addition of 200 µl acetic acid. The absorbance of the reaction mixture was immediately read at a wavelength of 340 nm using a Wallac Victor3™ spectrofluorometer against a blank containing 1200 µl of 0.1 M PBS, 100 µl potassium iodide and 200 µl acetic acid. The concentration of AOPP was calculated using the extinction coefficient of 26 mM -1 cm -1 and the result was expressed as µM/mg protein.
STATISTICAL ANALYSES
Means ± SD of the data were calculated and statistical analyses used SPSS ® statistical software, version 17.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . Student's t-test was used for statistical comparisons between the different treatment groups and a P-value < 0.05 was considered to be statistically significant.
Results
As shown in Fig. 2 , brain infarct size as a percentage entire brain volume was significantly smaller in the sham and ischaemic postconditioning groups compared with the ischaemia group (P < 0.01).
The concentrations of protein carbonyl derivatives and AOPPs were significantly lower in the sham and ischaemic postconditioning groups compared with the ischaemia group (P < 0.01 for protein carbonyl derivatives, Fig. 3A ; P < 0.05 for AOPPs, Fig. 3B ).
The H 2 O 2 level in the ischaemia group was significantly higher than in the sham group but was significantly reduced by ischaemic postconditioning (P < 0.01; Fig.  4A ). In contrast, the activities of SOD and CAT in the ischaemia group were significantly lower than in the sham group (P < 0.05 for SOD, Fig. 4B ; P < 0.01 for CAT, Fig. 4C ), and ischaemic postconditioning significantly increased SOD and CAT activities compared with the ischaemia group (P < 0.05 for SOD and CAT, Figs 4B, 4C).
In comparison with the sham group, proteasome activity was significantly reduced following ischaemia (P < 0.01; Fig.  5 ), although ischaemic postconditioning resulted in a significant increase in activity compared with ischaemia alone (P < 0.05).
Discussion
The present study showed that three cycles of 30-s/30-s reperfusion/reocclusion was an effective ischaemic postconditioning ZY Li, B Liu, J Yu et al.
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procedure to reduce production of oxidized proteins, ROS and H 2 O 2 , and elevate SOD, CAT and proteasome activities compared with the effects induced by ischaemia/ reperfusion. The protective effects of ischaemic postconditioning on ischaemic injury have been found in various organs, such as brain, liver and intestine. 9, 19, 20 The underlying mechanism has been investigated widely and found to be 21 -25 Previous studies have reported that the oxidized products of biological macromolecules, including nucleic acids, protein and lipids, are elevated markedly 26, 27 A recent study showed that ischaemic postconditioning could attenuate lipid oxidation via suppression of oxidative stress; 28 despite this, the effects of ischaemic postconditioning on protein oxidation remain unclear. The present study showed that protein oxidation occurs during the course of focal ischaemia/reperfusion and that ischaemic postconditioning can alleviate the brain injury caused by focal ischaemia/reperfusion via inhibition of protein oxidation.
Protein oxidation is defined as the covalent modification of a protein induced mainly by ROS. 29 The common products of protein oxidation are the carbonyl derivatives of the proline, lysine, arginine and threonine residues of proteins. In a previous study, 30 protein oxidation was examined using a rat model of global ischaemia and reperfusion, and it was found that the content of the carbonyl group in the reflow period steadily increased and culminated at 48 h of reperfusion. In addition, it has been reported that synapse dysfunction resulting from focal ischaemia/reperfusion is due to oxidative damage to postsynaptic density proteins. 31 The present study examined overall protein oxidation by using a rat model of focal cerebral ischaemia/reperfusion and found that the products of protein oxidation, carbonyl derivatives and AOPPs, increased significantly at 24 h reperfusion. Generally, oxidized proteins should be removed efficiently by the protein degradation system within cells, thereby keeping the internal environment balanced. If not removed, they are prone to accumulate and form cytotoxic protein aggregates, which are thought to be one of the pivotal pathological factors 100 ± 3.28 Ischaemic postconditioning and protein oxidization underlying cerebral injury caused by ischaemia/reperfusion. Because protein oxidation induced by focal ischaemia/ reperfusion was partly reversed by ischaemic postconditioning in the present study, the effect of ischaemic postconditioning may also be associated with preventing protein oxidation and protein aggregation, although the latter was not examined in the present study.
It is well known that the generation of intracellular oxidized proteins is closely related to increased levels of ROS which result from a disruption in the balance between pro-oxidants and antioxidants. 14 The brain is prone to the production of ROS, such as superoxide anion, H 2 O 2 and the hydroxyl free radical, because it needs a large amount of oxygen to maintain its normal function, but is deficient in antioxidants. 32 As a ROS, H 2 O 2 is usually used to represent the extent of oxidative stress and is also involved in protein oxidation. 33 Moreover, it has been suggested that the accumulation of H 2 O 2 exerts neurotoxic effects. 34, 35 In vivo, the modulation of H 2 O 2 is mainly related to two enzymes, SOD and CAT. 36 SOD converts the superoxide anion into H 2 O 2 , which is then transformed into water and oxygen through CAT. Thus, the present study compared the level of H 2 O 2 and the activities of SOD and CAT with or without ischaemic postconditioning. Ischaemic postconditioning reduced elevation of the H 2 O 2 level and the reduction of SOD and CAT activities caused by focal ischaemia/reperfusion. This indicates that ischaemic postconditioning can prevent the production of H 2 O 2 by retaining the activities of SOD and CAT. Thus, attenuating the level of ROS might be responsible for the reduction of protein oxidation caused by ischaemic postconditioning.
There are two major protein degradation systems within cells: the proteasome pathway and the autophagy pathway. Oxidized proteins are thought to be mainly degraded via the proteasome pathway; 37 it is unclear whether or not oxidized protein degradation occurs through autophagy. Previous studies have shown that proteasome activity in the hippocampus and cortex regions is decreased significantly during reperfusion following cerebral ischaemia in rats. 8, 38 Thus, as has been described previously, 8 succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin, which is a specific substrate for in vitro proteasome assay, was selected to measure the effects of ischaemic postconditioning on proteasome activity in the present study. The results showed that proteasome activity was increased in rats that underwent ischaemic postconditioning compared with those in the ischaemia group, which would contribute to the degradation of more oxidized proteins. Similarly, at the cellular level, it has previously been found that a decline in proteasome activity resulted in inefficient removal of oxidized proteins. 33 Maintaining proteasome activity by ischaemic postconditioning is, therefore, another way to lower the extent of protein oxidation. The mechanism underlying a reduction in proteasome activity is complicated. Previous studies have shown that it is associated with disassembly of the proteasome structure, entrapment by protein aggregation and damage by ROS. 8, 39 Thus, the protection of ischaemic postconditioning on proteasome activity might be related to these three factors.
It has been reported that a proteasome inhibitor given to rats at the end of 2 h of focal ischaemia decreased the size of the cerebral infarct. 40 The mechanisms underlying this phenomenon need to be investigated further. Current studies suggest that excessive inhibition of proteasome  activity  might  activate  an  antiinflammatory  effect  linked to the modulation of nuclear factor κβ activity, attenuate the expression of cytokine and cellular adhesion molecules, and reduce the infiltration of neutrophils and macrophages into injured rat brain. 41 Additionally, an in vitro study showed that inhibition of proteasome activity resulted in activation of the autophagy pathway which could eliminate oxidized proteins and might explain why a proteasome inhibitor provides protection for cerebral injury induced by focal ischaemia/reperfusion. 42 Studies in humans have also shown that ischaemic postconditioning can effectively regulate blood flow, recover organ function and inhibit oxidative stress. 43, 44 In theory, ischaemic postconditioning could potentially be performed in humans at the end of artery revascularization by temporarily occluding the cerebral artery, using intervention such as a balloon, although this remains to be demonstrated in clinical practice.
In conclusion, the present study showed that ischaemic postconditioning can significantly reduce the size of cerebral infarct caused by focal ischaemia/reperfusion. This protective effect is closely associated with a decrease in oxidized proteins, which leads to less formation of cytotoxic protein aggregates. The factors underlying the decrease in oxidized proteins include attenuated production of H 2 O 2 and maintenance of the activities of SOD, CAT and proteasomes. SOD and CAT contribute to reduction of H 2 O 2 and, accordingly, lowered production of oxidized proteins, and proteasome activity results in increased degradation of oxidized proteins. The present study has indicated that ischaemic postconditioning is an effective method of reducing the effects of cerebral infarct caused by ischaemia/reperfusion. Moreover, it has demonstrated that decreasing protein oxidization may be a useful target for preventing cerebral injury.
